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A new approach for paleostress analysis using the multiple inverse method with calcite twin data
including untwinned e-plane was performed in the East Walanae fault (EWF) zone in South Sulawesi,
Indonesia. Application of untwinned e-plane data of calcite grain to constrain paleostress determination
is the ﬁrst attempt for this method. Stress states caused by the collision of the south-east margin of
Sundaland with the Australian microcontinents during the Pliocene were successfully detected from a
combination of calcite-twin data and faulteslip data. This Pliocene NEeSW-to-EeW-directed maximum
compression activated the EWF as a reverse fault with a dextral component of slip with pervasive
development of secondary structures in the narrow zone between Bone Mountain and Walanae
Depression.
 2013 Elsevier Ltd. All rights reserved.1. Introduction
Sulawesi Island is located in a complex tectonic setting involving
three large lithospheric plates: the Eurasian Plate to the west, the
Paciﬁc Plate to the east, and the IndianeAustralian Plate to the
south (Fig. 1a). The Neogene tectonic history of Sulawesi is char-
acterized by a continentecontinent collision that occurred between
Sundaland (Western arc) and Australian Craton-derived blocks
(Eastern arc) (Hamilton, 1979; Yuwono et al., 1988; Cofﬁeld et al.,
1993; Priadi et al., 1994; Bergman et al., 1996; Polvé et al., 1997;
Elburg and Foden, 1999; Hall and Wilson, 2000; Hall, 2002;
Elburg et al., 2003), resulting in the development of large-scale
strikeeslip faults, fold and thrust belts, and magmatism related to
extensive lithospheric melting (Bergman et al., 1996). A number of
NeS-to-NWeSE-trending large-scale faults occur in Sulawesi Is-
land, including the Palu-Koro fault in Central Sulawesi and the
Matano fault in the eastern arm of the island. The Walanae faultasanuddin University, Km.10,
þ62 0411 580202.
eologist.com (A. Jaya), nishi@
All rights reserved.zone is also a major structure with prominent linear landform
features that is traceable over 150 km through the southern arm of
Sulawesi (Fig. 1b; Van Leeuwen, 1981; Sukamto, 1982; Berry and
Grady, 1987; Van Leeuwen et al., 2010).
The Walanae fault system comprises two parallel faults, the
West Walanae fault (WWF) and the East Walanae fault (EWF), with
a narrow topography depression in between. The two faults pur-
portedly formed during the end of the Middle Miocene (Van
Bemmelen, 1949; Van Leeuwen, 1981; Sukamto, 1982) along the
eastern margin of the western mountain range and the western
margin of the Bone Mountains, respectively. The geomorphic trace
of the EWF can be recognized as a distinct line between the Bone
Mountains and theWalanae Depression, aroundwhich an intensive
deformation zone characterised by various scales of faults, folds
and related structures has developed (Van Leeuwen et al., 2010).
Therefore, the EWF is thought to have played a major role in the
structural and landform developments in this region during the
Neogene. The predominance of a sinistral strikeeslip motion in the
EWF has been assumed on the basis of its linear topographic feature
and the shear sense of its neighboring major faults, including the
Masupu fault in the northern area (Hamilton, 1979; Cofﬁeld et al.,
1993; Guritno et al., 1996; Van Leeuwen et al., 2010). However,
the timing and sense of fault motion plus associated deformation
Fig. 1. (a) Tectonic map showing the distribution of plates, continents and island arcs in the eastern part of Indonesia (modiﬁed after Hamilton, 1979; Hall and Wilson, 2000;
Watkinson, 2011). The area of the rectangle corresponds to South Sulawesi shown in (b). (b) Structural and topographic map of South Sulawesi (modiﬁed after Sukamto, 1982;
Sukamto and Supriatna, 1982; Berry and Grady, 1987).
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Leeuwen et al., 2010).
Determination of the paleostress state is an important approach
for reconstructing the tectonic history of an area because fault ac-
tivity, related structures and the geomorphology can be stronglycontrolled by the orientation, ratio and magnitude of regional
stress. Paleostress tensors can be determined by inverse methods
from faulteslip data (e.g., Angelier, 1979, 1984, 1990, 1994;
Etchecopar et al., 1981; Armijo et al., 1982; Gephart and Forsyth,
1984; Michael, 1984; Reches, 1987; Gephart, 1990; Hardcastle and
A. Jaya, O. Nishikawa / Journal of Structural Geology 55 (2013) 34e4936Hills, 1991; Engelder, 1993; Yamaji, 2000) and calcite twin data.
Calcite e-twins are common deformation microstructures that are
widely developed in carbonate rocks in the uppermost crust, and
they have been used as indicators of not only strain (e.g., Groshong,
1972, 1974; Groshong et al., 1984; Evans and Dunne, 1991) but also
stress (e.g., Lacombe, 2001, 2007, 2010; Lacombe and Laurent, 1996;
Lacombe et al., 1990, 1992, 1993, 1996, 2007, 2009). The computer-
based stress inversion technique developed by Etchecopar (1984)
has demonstrated the general consistency of stress states recon-
structed from these two independent types of data and the differ-
ences between resolutions and recorded timings of stress states
(e.g., Lacombe and Laurent, 1996). Etchecopar’s inversion tech-
nique, for which calcite twin data can be effectively applied, uses
not only twinned plane data but also untwinned plane data, which
are data for potential twin planes not yet twinned, for precise
determination of stress states (e.g., Lacombe, 2010).
The multiple inverse method (Yamaji, 2000) is another
advanced tool for reconstructing paleostress tensors that is espe-
cially effective in a region that experienced multiple stress states.
Previously, this method was only applied to faulteslip data, and not
to calcite twin data, with the exception by Eida and Hashimoto
(2011). Carbonate rocks with numerous calcite twins and meso-
scale faults are ubiquitous around the EWF trace. Therefore, the
East Walanae fault zone in South Sulawesi is a useful location for
testing the inclusion of calcite twin data in the multiple inverse
technique to determine paleostress states.
The aim of this study is to clarify deformation and stress states
related to the development of the EastWalanae fault zone and their
contribution to the Neogene tectonic evolution at South Sulawesi.Fig. 2. a) Topographic map around the East Walanae fault, b) aerial photograph showing a
Nos: AZ26-SS22A-17 and AZ26-SS22A-18; BAKOSUTANAL, 1991) and c) proﬁle across the W
Trace of the EWF and related lineaments (red and white lines in the map and photograph, res
interpretation of the references to color in this ﬁgure legend, the reader is referred to theOur results provide important information for understanding the
collision of the south-east margin of Sundaland with micro-
continents derived from the Australian plate. Also, the application
of untwinned calcite e-plane data to constrain paleostress deter-
mination is the ﬁrst attempt for this method.We validate this use of
data from untwinned e-plane with twinned e-plane data by com-
parison to faulteslip data with the multiple inverse method.
2. Geological and geomorphological settings
The East Walanae fault can be traced over 150 km as a distinct
linear topographic feature trending NNWeSSE in its southern part
and NeS in its central and northern parts (Figs. 1 and 2). In the
southern and central parts, two continuous lineaments run par-
allel approximately 3 km apart dividing the areas of the Bone
Mountains and the Walanae Depression. In its northern part, the
trace of the EWF can be drawn along the east ﬂank of a ridge of the
Sengkang anticline (Fig. 1b; Van Leeuwen, 1981; Grainge and
Davies, 1985).
The Walanae Depression is lowland between the East and West
Walanae faults and is approximately 15 km wide. A topographic
map and cross section show a basin structure extending NNWe
SSE on the eastern side of the depression (Fig. 2a), the ﬂoor of
which is ﬂat and gently inclined toward the center of the
depression.
A zone of intense deformation occupies the 2e3-km-wide area
between the Bone Mountains and the Walanae Depression in the
southern and central parts of the EWF trace (Figs. 2 and 3). The
strata in this zone are sliced in variously sized fragments and tendclose up of landform features around the EWF (map location in white box at (a); sheet
WF, Walanae Depression and East Walanae fault zone (EWFZ) along the section AeB.
pectively), and narrow basin (colored in yellow in the map and proﬁles) are shown. (For
web version of this article.)
Fig. 3. Geological map along the East Walanae fault (modiﬁed after Sukamto, 1982; Sukamto and Supriatna, 1982). Areas of measurement of faulteslip data and sampling sites for
carbonate rocks are shown.
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the Walanae Depression, four mapscale gentle folds occur (Fig. 3).
Their NEeSW to NNWeSSE trends are subparallel or slightly obli-
que to the general strike of the EWF.
The Middle Eocene to Late Pliocene stratigraphic succession
consists of the Salokalupang Group, Bone Group, Taccipi Formation
and Walanae Formation which are involved in the deformation
related to the East Walanae fault (Figs. 3 and 4).3. Samples and methods
3.1. Field observations and sampling
Mesoscale faults withmeasurable displacement sense, and folds
with associated deformation structures were observed around the
EWF. For paleostress analysis, we carefully selected four sample
sites for faulteslip data located in Salokalupang Group and
Fig. 4. Chronostratigaphic diagram of the Walanae Depression and Bone region with tectonic events since the Late Paleogene (modiﬁed after Van Leeuwen et al., 2010).
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limestone and calcareous mudstone that contain abundant grains
with twins for the calcite-twin stress/strain method (Groshong,
1972, 1974; Groshong et al., 1984; Lacombe, 2001, 2007, 2010;
Lacombe and Laurent, 1996; Lacombe et al., 1990, 1992, 1993,
1996, 2007, 2009) from the Salokalupang Group, Taccipi Forma-
tion and Walanae Formation, avoiding samples very near (within
approximately 200 m) to the EWF trace (Tables 2 and 3; Fig. 3). This
sample distribution minimized the possibility that these secondary
structures recorded perturbations in the stress ﬁeld at the main
fault of EWF due to fault coupling, friction, degree of slip, and
rheological effects of fault rock (e.g., Rispoli, 1981; Mount and
Suppe, 1992; Lacombe and Angelier, 1993; Homberg et al., 1997,
2004; Lacombe et al., 2011). The strata around the sampling and
measurement localities are involved in monoclinal structures with
moderate to steep limb dips.
3.2. Paleostress analysis by the multiple inverse method with faulte
slip data
Paleostress tensors were determined by the multiple inverse
method (Yamaji, 2000) using the MIM Software version 6.02
(Yamaji et al., 2010). The multiple inverse method ﬁrst createssubsets from the dataset, the number of which equals the binomial
coefﬁcient: NCk ¼ N!/k!(N  k)!, where N is the total number of
faulteslip (or calcite twin) datasets and k is the number of elements
comprising a subset. In this study, we used the value k¼ 5, which is
recommended in the user’s guide of MIM software package because
solutions are stable at this value and larger (Yamaji et al., 2010).
Then, an inversion scheme is applied to determine optimal stress
tensors for each subset. Calculated stress orientations for all subsets
are shown on paired diagrams consisting of a stereogram for the
maximum principal stress (s1) and that for the minimum principal
stress (s3) with values of stress ratio (F¼ (s2 s3)/(s1 s3)). Stress
tensors that are suitable for a large fault (or twin) population to be
activated tend to form clusters on the paired diagrams, and as such,
can be identiﬁed through inspection of the paired diagrams.
The dataset for each fault includes the strike, dip and dip di-
rection of the fault plane, the azimuth and plunge of striation on the
fault plane, and the sense of shear (reverse, normal, dextral or
sinistral). In the ﬁeld, we measured orientation of fault plane,
striation on the fault plane and sense of shear for each mesoscale
fault. Determination of shear sense was performed with more than
three offset markers on the same plane conﬁrming their consis-
tency of sense and length of apparent displacement. Typically,
single striation measurements were taken for single faults due to
Table 1
Faulteslip data and paleostress states.
Locality Lithology and units lithology Number of
fault datasets
Stress
states
s1 s3 F Number of datasets
compatible with the tensor
Total number of datasets
compatible with the tensors
FS-1 Volcanic breccia-basalt and
calcareous mudstone of
Salokalupang group
45 A 25/0 115/75 0.5 25 37
B 232/9 347/67 0.4 19
C 142/6 41/58 0.6 16
FS-2 Volcanic breccia-basalt,
calcareous mudstone and
limestone of Salokalupang group
40 A 42/9 158/69 0.5 21 28
B 78/40 290/45 0.8 15
C 121/22 306/67 0.8 15
FS-3 Basalt-Andesite Lava of
Salokalupang group
30 A 64/2 155/30 0.1 17 20
B 235/4 330/49 0.5 17
FS-4 Basalt-Andesite Lava of
Salokalupang group
31 A 250/2 341/39 0.2 20 24
B 66/3 154/34 0.2 18
s1: Azimuth/plunge of maximum principal stress; s3: Azimuth/plunge of minimum principal stress; A, B and C: Stress states determined; F: Stress ratio.
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Depending on the degree of heterogeneity of measured data and
ﬁeld conditions, datasets of several 10s are desirable to obtain
reliable results by the multiple inverse method from a heteroge-
neous dataset collected from a sample site that experienced mul-
tiple stress states (e.g., Yamaji et al., 2010).
3.3. Application of the multiple inverse method to calcite twin data
Calcite grains contain three equivalent e-planes on which
twinning can occur (Fig. 5). The number of twin sets formed in a
grain depends on the orientation of the principal stresses with
respect to the glide directions on the e-planes and the resolved
magnitude of differential stress for that e-plane set (Table 4). Calcite
twin data were measured from both veins and host rock (grains of
fossil fragments or occupying former pore spaces). Data collected
from a host rock might record total history of deformation, while a
vein represents events during or after vein formation. Therefore,
calcite twin data measured from veins and host rock were sepa-
rately treated.
One to three poles of differently oriented twin lamellae and c-
axis orientation were measured for each grain using a universal
stage (U-Stage) optical microscope with up to 320 times of
magniﬁcation. Measurement error of twin lamellae and c-axisTable 2
Calcite twin data and paleostress states determined from host rocks.
Locality Coordinates
(latitude/longitude)
Lithology and
units lithology
Number
of T
datasets
Number
of UT
datasets
Stress
states
s1
SKM-1 40801400S/1200202400E Crystalline
limestone of
Taccipi formation
105 165 A 46
B 46
C 107
STM-2 43500300S/1200501700E Coralline
limestone of
Salokalupang
group
120 150 A 35
B 350
C 330
BLM-3 45301200S/1200900500E Bioclastic
limestone
of Salokalupang
group
80 118 A 67
B 307
CLM-4 45504100S/1201000600E Reddish bioclastic
limestone of
Salokalupang
group
83 95 A 60
B 58
C 158
s1: Azimuth/plunge of maximum principal stress; s3: Azimuth/plunge of minimum pri
determined; F: Stress ratio.orientations in calcite grains by U-stage is up to several degrees.
About 60e90 calcite grains with medium to coarse grain size (60e
800 mm)weremeasured from each of threemutually perpendicular
thin sections for eleven samples. The dataset of calcite twin for our
paleostress analysis consists of the attitude of the e-plane, gliding
direction and sense of shear of e-twinning. We prepared data ﬁles
not only for twinned e-planes but also for the remaining untwinned
e-planes in a grainwith one or two twin sets. Untwinned e-plane in
a twinned grain can be simply determined on the basis of crystal-
lographic relationships with measured e-planes and c-axis (Fig. 5).
On the other hand, grains without twin lamellae were not used for
analysis because orientation of an untwinned e-plane cannot be
directly determined by optical microscopy.
We incorporated untwinned e-plane data for determining stress
stateswith themultiple inversemethodused for calcite twins (Fig. 6).
In the ﬁrst step of the analysis, signiﬁcant clusters of stress states
were identiﬁed fromthe paired diagrams of the twinned e-plane data
as preliminary solutions for the stress states (stress A, B, and C in
Fig. 6b). In the second step (Fig. 6c), the viability of the identiﬁed
stress states was tested with untwinned e-plane data calculating
misﬁt angle b, the angle on the untwinned e-plane between the
calculatedmaximum shear stress direction for every identiﬁed stress
state and the observed potential gliding direction. The stress states
identiﬁed from twinned e-plane data should be consitent with thes3 F Number of T
datasets
compatible
with the
tensor
Total number
of T datasets
compatible
with the
tensors
Number of UT
datasets
incompatible
with the
tensor
Mean
grain
size
(mm)
Mean
width of
lamella
(mm)
/8 160/71 0.4 44 90 160 821 1.5
/28 167/42 0.2 40 158
/55 199/25 0.8 38 156
/41 256/24 0.4 40 81 145 63 0.7
/2 259/25 0.3 37 143
/35 92/36 0.8 34 142
/9 186/70 0.8 40 69 114 115 0.9
/10 59/64 0.2 34 112
/18 306/50 0.2 32 67 93 96 1.0
/53 206/31 0.7 30 92
/20 284/57 0.3 28 91
ncipal stress; T: Twinned planes; UT: Untwinned planes; A, B and C: Stress states
Table 3
Calcite twin data and paleostress states determined from veins.
Locality Coordinates
(latitude/longitude)
Lithology and
units lithology
Number
of T
datasets
Number
of UT
datasets
Stress
states
s1 s3 F Number of T
datasets
compatible
with the
tensor
Total number
of T datasets
compatible
with the
tensors
Number of UT
datasets
incompatible
with the
tensor
Mean
grain
size
(mm)
Mean
width of
lamella
(mm)
SKV-1 44202800S/1200404000E Bioclastic
limestone of
Salokalupang
group
164 106 A 21/6 257/78 0.3 64 145 103 399 1.2
B 41/9 280/72 0.5 63 102
C 38/37 258/45 0.3 58 101
D 101/16 331/66 0.8 51 100
LRV-2 44603600S/1200605100E Bioclastic
limestone of
Salokalupang
group
132 138 A 61/0 151/37 0.3 58 83 134 189 0.7
B 260/8 156/60 0.2 54
STV-3 44703900S/1200504000E Bioclastic
limestone of
Walanae formation
121 149 A 27/10 207/79 0.3 50 102 143 185 0.6
B 64/0 154/78 0.4 42 142
C 91/20 25/69 0.5 38 142
STV-4 44803000S/1200703800E Bioclastic
limestone of
Salokalupang
group
165 105 A 244/6 335/87 0.6 59 123 103 563 1.2
B 35/24 268/54 0.6 55 101
C 20/7 122/55 0.6 48 100
D 90/30 27/56 0.6 48 100
SBV-5 45100300S/1200801200E Calcareous
mudstone of
Salokalupang
group
143 127 A 217/3 122/52 0.3 50 105 124 116 1.0
B 54/4 150/49 0.3 43 122
C 0/20 119/56 0.3 40 121
BLV-6 45301200S/1200900500E Bioclastic
limestone of
Salokalupang
group
141 129 A 261/2 167/61 0.2 51 113 127 232 0.7
B 51/8 311/46 0.2 46 125
C 32/40 265/34 0.5 38 124
CLV-7 45504100S/1201000600E Reddish bioclastic
limestone of
Salokalupang
group
147 123 A 40/21 229/68 0.4 52 114 120 110 1.0
B 90/29 240/56 0.3 44 118
C 240/8 214/75 0.5 46 117
D 98/72 210/71 0.5 42 116
s1: Azimuth/plunge of maximum principal stress; s3: Azimuth/plunge of minimum principal stress; T: Twinned planes; UT: Untwinned planes; A, B, C and D: Stress states
determined; F: Stress ratio.
Fig. 5. Stereographic projection (lower hemisphere, equal-area) showing the c-axis
and three equivalent e-planes (e1, e2, e3) and gliding directions of twinning (g1, g2, g3)
on respective e-planes in calcite crystal (modiﬁed after Evans and Groshong, 1994;
Laurent et al., 2000). The arrow is parallel to the gliding direction; its head indicates
that the upper part of the crystal moves upward, toward the c-axis, as a reverse fault.
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by using misﬁt angle b. To judge whether or not the untwinned e-
planes data were consistent with the stress states identiﬁed in the
ﬁrst step, we tested if they have b values greater than a designated
angle. We adopted b ¼ 30 as the angular threshold for this exami-
nation. This decision is consistent with previous paleostress analyses
where the threshold of misﬁt angle ranges between b ¼ 20 (e.g.,
Etchecoparet al.,1981; Sperner et al.,1993) and30 (e.g.,Nemcok and
Lisle,1995; Otsubo et al., 2009). If most untwinned e-plane data (95%
or more in this study) are incompatible with the stress state identi-
ﬁed from twinned plane data, then the stress state is viable for both
the twinned and untwinned e-planes, and is retained for comparison
to the faulteslip analysis.
4. Results
4.1. Description of secondary mesoscale and microscale structures
The main fault of the EWF is not exposed, but structures typi-
cally associated with a major fault are observed along the trace of
the EWF. A fault gouge zone containing a number of limestone
clasts with worn surfaces in a loose clayey matrix is exposed over a
10-m-wide area along the trace (Figs. 3a and 7a). At an outcrop on
the western side of the EWF trace (Fig. 3b), west-verging tight folds
of mudstone intercalated with beds of limestone of the Walanae
Formation are observed. The mudstones are strongly sheared,
showing a scaly fabric along which tight fold structures can be
traced (Fig. 7b). The beds of the limestone are disarticulated as
breccia clasts andmixed with the mudstones (Fig. 7c). A striation ofscaly clay plunges at a high angle. At site c in Fig. 3, volcano-clastic
rock of the Salokalupang Group has a cataclastic texture with
NNWeSSE striking foliation that is nearly parallel to the trace of the
EWF (Fig. 7d). Striations on the foliation in the cataclasite indicate a
large dip-slip component, whereas dextral shear sense is also
inferred from the asymmetry of the pressure shadows surrounding
some mineral fragments (Fig. 8a).
Table 4
Percentages of twined calcite grains.
Locality Percentage of grains with twin set (%)
Grain with
one twin set
Grain with
two twin sets
Grain with
three twin sets
Grains without
twin
SKM-1 74 22 0 3
STM-2 70 17 2 10
SKV-1 72 21 4 3
LRV-2 73 22 0 4
STV-3 74 20 0 5
STV-4 73 21 3 2
SBV-5 72 21 2 4
BLV-6 75 18 2 3
BLM-3 71 20 4 4
CLV-7 70 20 5 4
CLM-4 71 19 5 3
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tight folds (Fig. 7e) and numerous faults. The fold axes and axial
planes tend to plunge NWeSE at a low angle and steeply to
moderately dipping eastward, respectively, for both the regional
and mesoscale folds (Fig. 9a and b). In the zone, the mudstone andFig. 6. Simulation process to determine the stress states from calcite twin data using BLV-6
diagram), tangentelineation diagram for twinned e-plane data (lower left diagram) and that
of the ﬁrst step. A, B and C are signiﬁcant cluster identiﬁed from a paired diagram. c) Diagram
untwinned plane data on the tangentelineation diagrams, where thin gray arrows indicate
untwinned plane data. The degree of misﬁt angle b can be distinguished by color; thick gra
case), respectively. F: Stress ratios. n: Number of datasets. The histogram shows the distribﬁne-grained tuff intercalated between the apparently undeformed
or slightly deformed thick layers of sandstone, lava and volcano-
clastic rocks are sliced by numerous shear fractures in a subparallel
or slightly oblique (up to 30) manner relative to a bedding plane
(Fig. 7f). Striations on these shear fractures tend to be oriented
nearly perpendicular to the fold axis (Fig. 9). The mesoscale faults
that are the subject of our paleostress analysis have a few to several
tens of centimeters of displacement and with fault gouges a few
millimeters wide (Fig. 7g). Generally, attitudes of fault planes are
widely distributed, and reverse and strikeeslip faults are dominant
throughout the study area (Fig. 10).
Deformation of the carbonate rocks in the Salokalupang Group,
particularly in the vicinity of the trace of the EWF, is very intense
with numerous calcite veins and pressure-solution seams (Fig. 7h).
Pressure-solution seams exhibit an exaggerated wavy surface be-
tween which dark material is included and are subparallel to
bedding surfaces. Veins are chieﬂy EeW to NEeSW-striking and
steeply to gently dipping (Fig. 12). Veins in sample STV-3 have
almost a random distribution. Veins are frequently dissected by
pressure-solution seams (Fig. 7h). Mechanical e-twins in the calcite
grains are thin at less than 1.5 mm in apparent thickness withwith the multiple inverse method (Yamaji, 2000). a) Calcite c-axis orientations (upper
for untwinned e-plane data (lower right diagram). b) Diagrams showing the procedure
s showing the procedure of the second step. Candidates of stress state are plotted with
the calculated gliding directions for a given stress state, and thick arrows are those of
y and black mean large misﬁt angles (b  30) and small misﬁt angles (b < 30 in this
ution of misﬁt angle of untwinned plane data with a given stress state.
Fig. 7. Photographs of mesoscale structures developed around EWF: (a) Fault gouge, exposed at the locality a in Fig. 3; (b) Intensely sliced mudstone in the Walanae Formation in
the central area (Fig. 3b); (c) A tight fold in the Walanae Formation at outcrop as (b); d) Cataclasite texture in a reddish mudstone showing a foliation and numerous porphyroclasts
near the EWF trace. Locality c in Fig. 3; (e) A hinge zone of a mesoscale tight fold of Salokalupang Group; (f) Intensely sheared reddish mudstone in the Salokalupang Group
associated with folds; (g) A mesoscale fault with striation on the fault plane indicates dip-slip (dashed lines); (h) Pressure solution seams and calcite veins (arrow) in the limestone
of the Salokalupang Group.
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Fig. 8. Photographs of microstructures developed in the EWF zone: (a) A rounded porphyroclast of a plagioclase aggregate (PL) in a cataclasite of Fig. 7d, with pressure shadow
showing dextral sense of shear; (b) Calcite e-twins in a vein from the limestone of the Salokalupang Group (STV-4); (c) Calcite e-twins in crystalline limestone of the Taccipi
Formation (SKM-1); (d) Calcite e-twins in a grain in the fossil foraminifera of a limestone in the Salokalupang Group (CLM-4).
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(Tables 2 and 3; Fig. 8bed; Groshong, 1972, 1974). The orientations
of c-axes and twin lamellae in all calcite aggregates have random
distribution (Figs. 11 and 12).
4.2. Stress states obtained from calcite twin and faulteslip data
Calcite twin data yielded common s1 and s3 clusters on the
paired diagrams, regardless of whether twins are in the host rocks
or veins (Figs. 13 and 14). s1 clusters are consistently approximately
horizontal and converge in NEeSW to EeWdirections for all of theFig. 9. Stereographic plot (equal-area, lower hemisphere projection) showing the attitude o
axial planes (cross) and striations developed on the shear fractures occurring with the folds
area (represented by areas FS-3 and -4 in Fig. 4).samples except STM-2, which was collected from the NE margin of
the Bone Mountains (Fig. 3) where the dominant s1 cluster tends to
lie on bedding in an NNW to NE direction. Samples SKM-1, CLM-4,
SKV-1, STV-5, BLV-6, and CLV-7 also cluster on bedding in an NEe
SW direction. Also, an NWeSE-trending s1 is subordinately clus-
tered in samples STM-2 and CLM-4. The s3 clusters tend to plunge
nearly vertically (SKV-1, STV-4 and STV-5) or at steep to moderate
angles southward (SKM-1, STM-2, LRV-2, SBV-5, BLV-6 and CLV-7).
Stress states detected from these stress clusters from calcite twin
data and that passed also examination of compatibility with
untwinned plane data are shown as signiﬁcant stress states (AeD inf bedding (open circle), the orientations of mesoscale fold axes (open square), poles to
(ﬁlled circle). a) Northern area (represented by areas FS-1 and -2 in Fig. 4), b) Southern
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right stereograms in Figs. 13 and 14, and Tables 2 and 3. Most stress
ratios F obtained from the calcite twin data range from 0.1 to 0.6.
Faulteslip data yielded stress tensors similar to those derived
from calcite twin data: s1 clusters are nearly horizontal and trend
EeW to NEeSW, and s3 clusters are vertical to steeply plunging
with generally small F values ranging from 0.1 to 0.8 (Table 1 and
Fig. 10). Uniquely, the s3 cluster from the southern area (FS-3 and
FS-4) is found to plunge at a relatively low angle in the NWeSE
direction (Fig. 10). A minor cluster of s1 is found on the beddingFig. 10. Left diagram: Attitudes, slip directions and shear senses of mesoscale faults measur
calculated from faulteslip data by the multiple inverse method. Right diagram: Stress stat
correspond to those supported by larger population of faults with small misﬁt angles.plane in the EeW direction in FS-2, and horizontal in the NWeSE
direction in FS-1.
5. Discussion
5.1. Evaluation of the multiple inverse method with calcite twin
data
We analysed calcite twin data as well as faulteslip data with the
multiple inverse method, incorporating an examination processed. n: Number of faults. Middle two diagrams: Paired diagrams showing stress tensors
es identiﬁed from paired diagrams. Stress orientations represented by larger symbols
Fig. 11. Left diagrams: c-axis orientations of sampled calcite aggregates from host rock. Right diagrams: Orientation of e-twin lamellae, gliding direction and shear sense of e-twins
from host rocks. n: Number of c-axes and calcite twins. Both diagrams are equal area lower hemisphere projection.
Fig. 12. Left diagrams: c-axis orientations of sampled calcite aggregates from veins. Middle diagrams: Orientation of e-twin lamellae, gliding direction and shear sense of e-twins
from veins. n: Number of c-axes and calcite twins. Right diagrams: Orientations of pressure solution seams, calcite veins and bedding plane attitude. All diagrams are equal-area,
lower hemisphere projection.
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around the EWF. Here, we will evaluate the validity of solutions
from our paleostress analysis with calcite twin data comparing to
those from faulteslip data. Both calcite twin and faulteslip data
provided two to four stress states from each sample, which are
generally similar and consistent throughout the study area (Figs. 3,
10, 13 and 14). We calculated misﬁt angles between the calculated
maximum shear stress direction and the measured gliding (slip)
directions of twin (fault) on an e-plane (fault plane) for each
identiﬁed stress state. If misﬁt angle for a speciﬁc stress state is
small, the motion of the twin (fault) plane is most likely explained
by the stress state (e.g., Yamaji et al., 2010). We consider the ratio of
the number of twins that are explained by any stress state identi-
ﬁed by current analysis (the number in the 11th column in Tables 2
and 3) to the total number of twins for each sample (the number in
the 4th column in Tables 2 and 3). If the ratio is large, then the
proposed stress states are viable. For calcite twin data, 68e91% of
the total number of twins in each samples are compatible with
stress states (Tables 2 and 3), while 70e82% of the total number of
faults in the each sample are suitably oriented for motion under the
identiﬁed stress states (Table 1). Thus, the stress tensors in the
deformation zone along the EWF were successfully determined by
the multiple inverse method with the calcite twin data.
5.2. Relationship of inferred stress states with tectonic evolution of
the EWF zone
Based on the results of previous studies on the regional tectonics
of Sulawesi (e.g., Hamilton, 1979; Yuwono et al., 1988; Cofﬁeld et al.,
1993; Priadi et al., 1994; Bergman et al., 1996; Polvé et al., 1997;
Macpherson and Hall, 1999; Hall, 2002, 2011; Calvert and Hall,
2003, 2007; Van Leeuwen and Muhardjo, 2005; Bellier et al., 2006;
Van Leeuwen et al., 2010), the history of tectonics in Western Sula-
wesi including the South Sulawesi area during the NeogeneeQua-
ternary was as intra-plate extension followed by contraction during
continentemicrocontinents collision. Stress states during thisFig. 13. Left two diagrams: Paired diagrams obtained from calcite twin data of host rock sam
Stress orientations represented by larger symbols correspond to those supported by largertectonic sequenceare expected to be recorded inmesoscale faults and
calcite twins that pervasively developed in the strata along the EWF.
The stress states determined from our work are characterised by
NEeSW-to-EeW-trending s1 and vertically to moderately south-
plunging s3 with smaller stress ratios. These stress states are
consistent with a contractional or thrust tectonic regime with NEe
SW to EeW-directed shortening. Evidence of such a contractional
event in the Western Sulawesi area, which is attributed to the
collision of East Sulawesi with the BanggaieSula and Butone
Tukangbesi blocks, includes thrusting in the northern part of Sula-
wesi Island (Cofﬁeld et al., 1993; Bergman et al., 1996), and folding
and uplifting in some parts of Bone Basin (Yulihanto, 2004) during
the Pliocene. Still, Van Leeuwen et al. (2010) estimated the onset of
intense deformation for the Salokalupang Group around EWF to be
somewhat earlier (13e12 Ma). The convergence directions of the
microcontinents have persisted in an approximately EeWdirection
at a high angle to the Walanae fault systems since the Late Miocene
(e.g., Van Leeuwen et al., 2010). This collision event could have
affected the South Sulawesi and activated the EWF. Reverse faults
cutting the strata of the Walanae Formation were identiﬁed in a
seismic proﬁle crossing the EWF for oil and gas exploration in the
Sengkang area, which is considered to be responsible for the crea-
tion of a trough in the West Sengkang Basin (Grainge and Davies,
1985) or for causing separation of the east and west portions of
the Sengkang Basin during the deposition of the Walanae Forma-
tion. Therefore, EeWtoNEeSW shortening associatedwith activity
of the EWFmost likely began during the late stages of deposition of
the Walanae Formation, namely the Pliocene.
The obliquity of the NEeSW to EeW s1 orientation to the trace
of the EWF, which changes from striking NeS in the northern part
to NNWeSSE in the southern part, (Fig. 3) suggests that the EWF
would have been a reverse fault with a component of dextral slip. It
is reasonable to infer that this regional stress conﬁguration gener-
ated the W-vergent folds that are slightly oblique to the main fault
trace in the middle to northern areas (Figs. 3 and 9) and the cata-
clasite with a dextral shear sense in the deformation zone along theples. Right diagram: Stress states viable for both the twinned and untwinned e-planes.
population of calcite twins with small misﬁt angles.
Fig. 14. Left two diagrams: Paired diagrams obtained from calcite twin data of calcite veins. Right diagram: Stress states viable for both the twinned and untwinned e-planes. Stress
orientations represented by larger symbols correspond to those supported by larger population of calcite twins with small misﬁt angles.
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tent with a previous tectonic model for the EWF with sinistral
movement (e.g., Van Leeuwen et al., 2010). Stress states suitable for
the sinistral sense of shear only appear in subsets of the clusters for
a few samples (stress B in STM-2 in Fig. 13; stress C in CLV-7 in
Fig. 14; stress B in FS-1 in Fig. 10), Consequently, we favor an
interpretation where the behavior on the EWF during the devel-
opment of the calcite twins and outcrop-scale faults was overall
reverse slip with a component of dextral shear.
In this stress state, shortening was localized in the narrow zone
along the EWF between the Bone Mountains and the Walanae
Depression, forming a large number of faults and tight folds.
Uplifting of the Bone Mountains and subsidence in the Walanae
Depression might have occurred concurrently, which would have
promoted topographic contrast between the Bone Mountains and
the Walanae Depression across the EWF (Fig. 2). This stress state
could also trigger contraction of the Walanae Depression that
would account for the large-scale gentle folds. Also, seismotectonic
studies have demonstrated that the present-day deformation and
stress ﬁeld in South Sulawesi are characterised by a dominance of
reverse faulting under the compressional regime with ESEeWNW
(N99E)-trending s1 (Beaudouin et al., 2003; Tanioka and
Yudhicara, 2008). Therefore, we infer that the stress states of Ee
W to NEeSW general compression have continued consistently
since the Late Miocene to the present day.5.3. Deformation condition estimated from morphology of calcite
twins
It is well known that the morphology of calcite twins varies
depending on temperature conditions (e.g., Burkhard, 1993). Ferrill
et al. (2004) correlated mean width of twin lamellae with the tem-
perature of deformation such that thin twins (approximately 1 mm)
are predominantly below 170 C and thick twins (>approximately
2mm)arepredominantlyabove200 C.Calcite twin lamellae found in
the study area have average widths ranging from 0.6 to 1.5 mm
(Tables 2 and 3). Considering that the width of twin lamellae was
measured by an optical microscope, which includes both the twin-
ned material and the twin boundaries (Groshong, 1972, 1974), the
true twinwidths for our samples are estimated to be less than 1 mm.
Therefore, the deformation temperatures during twin formation can
be estimated at approximately 170 C or less.
6. Conclusions
1. A new approach for paleostress analysis using the multiple
inverse method with calcite twin data including an examina-
tion of untwinned e-plane data was performed in the East
Walanae fault zone in South Sulawesi, Indonesia. The analysis
yielded reliable paleostress states similar and consistent with
those from faulteslip data throughout the study area.
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study area are characterized by NEeSW-to-EeW-trending s1
and vertically to moderately-south-plunging s3 with gener-
ally small values of stress ratio F. These stress states were
most likely caused by collision of eastern Sulawesi with the
Australian fragments since the Pliocene, and they could have
activated the EWF as a reverse fault with a dextral shear
component, accounting for the contraction deformation
structures and landforms along the trace of the fault.
3. Based on the morphology and width of calcite twin lamellae,
the strata in the deformation zone along the EWF most likely
deformed at a temperature of 170 C or less.
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